Abstract-Charge coupled device (CCD) images of low-current low-pressure discharges allow us to measure a wide range of data required for discharge modeling and understanding of the main physical processes. In this paper, we show axial distributions of emission obtained from CCD images. These distributions have been used to provide data on basic transport properties, uniformity of the electric field, secondary electron yield, and for verification of plasma models.
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L
OW-PRESSURE dc discharges were recently brought back to the attention of plasma community for several reasons. First, it was established that the basic theory of the low current diffuse (dark-Townsend) discharges should be revised to include perturbations of the electric field in order to explain the negative differential resistance and the oscillations that occur for those conditions [1] . Furthermore, it became possible to provide reliable and well-defined experimental data on those discharges and on the transition to constricted (normal) glow discharge [2] . In addition, it was established that the basic theory of Townsend's mechanism of gas breakdown had to be revised to be able to predict secondary electron yield from the cathode which is relevant in plasma modeling [3] . Finally, the well defined experimental data made it possible to use these discharges as a test for complex plasma models [4] .
In one of the earlier publications [2] on images in plasma physics, it was shown that recording the discharge profiles through a semitransparent electrode provides valuable information on the kinetics of low pressure breakdown and the transition from diffuse to constricted glow discharges. In the present paper, we would like to show that the charge coupled device (CCD) images (obtained by camera using a capacitively coupled device as a sensor) obtained for the axial distribution of emission might provide a wide range of data and to discuss how and where such information may be used.
The discharge vessel in our experiment consists of parallel plane electrodes inside a quartz cylinder. The diameter of the electrodes (2 ) was 5.4 cm while the gap ( ) was 1.1 cm. Recordings of axial and radial emission were made by a CCD camera. Our system has a facility for producing a pulse of current in addition to a very small dc (1-2 A) current that maintains the discharge in low current regime. This allows us to avoid the long breakdown delay times. Before the measurements, the surface of the cathode was treated by a relatively high current discharge in hydrogen (30 A) until a stable breakdown voltage was achieved. Measurements of volt-ampere characteristics are made in parallel to the recording of CCD images. The length of the higher current pulse was extended so that the recorded emission profiles by the CCD camera correspond to the conditions of the pulse, not the dc current. The camera was cooled by a Peltier cooler supplied from the controlling card in a computer and allowed detection of signals well below 0.1 lux. Yet, it was only an 8-bit system giving a limited dynamic range. Thus, care was taken to avoid saturation and relative calibration was maintained throughout the entire range of currents by changing the opening of the iris. The CCD image was stored in a computer and converted into the map of intensities of emission. The data presented here are for discharges in argon at 135 Pa and with the breakdown voltage of 210 V.
In Fig. 1 , we show the emission profile for (a) the low current diffuse regime (29 A), (b) the constricted glow (100 A), and (c) the abnormal glow (690 A). The two-dimensional (2-D) map of intensities may be projected to give the axial profile of emission shown on the left-hand side projection on each figure. Thus, we observe the exponential growth of emission in low-current regime, the development of the sheath in the constricted glow and the extension of the sheath in the diffuse glow. On the right side, the projection gives the radial distribution of emission. The lowest and highest currents show a Bessel radial profile, while for 100 A, the radial profile is more sharply peaked corresponding to a constriction. Finally, the 2-D contour plots give an additional reminder of the distribution of emission. The reflected light gives an indication of the positions of the electrodes.
The data obtained from the axial CCD images have been used in a number of ways. For the low-current diffuse regime, it was possible to observe the slope of the exponential growth and obtain the ionization coefficients. Under those conditions, it was assumed for a long time that the field is uniform and not affected by the discharge itself. Yet, as the current grows, the slopes appeared to change and converting them to the local ionization coefficient gave a map of field perturbation, which was shown to be in good agreement with the calculations [5] . In addition, we were able to determine the width of the nonequilibrium region close to the cathode and the effective multiplication, which are required in modeling of the breakdown. The results were found to be in excellent agreement with the semiempirical formula [3] and with our Monte Carlo simulations. Thus, it was possible to obtain more reliable secondary electron yields based purely on the data obtained in a single experiment.
Finally, the experimental axial profiles were compared to a hybrid plasma simulation code [6] . The results at different currents compare very well (see Fig. 2 for two examples) with the data obtained for the diffuse glow and as relative magnitudes of peaks of emission and widths of the sheath were very well calculated it was sufficient to perform normalization only at one current. In this simulation, the secondary electron yield had to be used as a fitting parameter as discussed in [4] .
Thus, we have shown that apart from extracting the standard information such as the width of the sheath, more information may be obtained ranging from the secondary electron yields for breakdown and abnormal glow to the width of nonequilibrium region and the distribution of electric field. The technique of using CCD images is extremely simple and effective even for the very low currents covered here. The range of currents covered here is from the dark-Townsend regime, where space charge effects are negligible to normal glow with development of complex field distribution due to space charge, and finally on to abnormal discharges which are diffuse but, due to the increased density of charged species, the structure of the field distribution changes with current.
